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Abstract 
First n-type Czochralski silicon (Cz-Si) metal wrap through (MWT) solar cells based on the high-performance MWT 
(HIP-MWT) concept are presented. Reference n-type H-pattern solar cells were processed in parallel. The MWT as 
well as the H-pattern cells with an edge length of 125 mm are completely metallized by screen printing. The 
fabricated n-type Cz-Si MWT solar cells achieved conversion efficiencies up to 17.7 %. One of the main challenges 
for further development is to decrease the dark saturation current density j02 and to increase the shunt resistance 
RShunt above the current value of about 1 k cm². The H-pattern reference cells also show similarly low RShunt as well 
as high j02 values and reach conversion efficiencies up to 17.1 %. Thus the low RShunt and high j02 values cannot be 
attributed to the MWT concept. Specific contact resistances of about 8 m cm² for front and rear metallization show 
the successful electrical contacting of the differently doped surfaces using sequential tube furnace diffusions. The 
advantage of less metallized front surface for the MWT cells compared to the H-pattern references is clearly visible 
in increased values for short-circuit current density and open-circuit voltage. With the results obtained, the feasibility 
of the transfer from p- to n-type Cz-Si is demonstrated. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013 
conference 
 
Keywords: n-type silicon; metal wrap through; MWT; HIP-MWT 
1. Introduction 
The p-type silicon high-performance metal wrap through (HIP-MWT) structure shown in Fig. 1a is a 
very promising approach for producing MWT solar cells with rear passivation using a cost-optimized 
process sequence [1]. One of the main characteristic properties of this cell type is the absent rear emitter. 
As common boron-doped p-type Czochralski-grown silicon (Cz-Si) suffers from light-induced 
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degradation (LID) [2], the conversion efficiency in the stabilized state can be significantly lower than in 
the annealed state with deactivated boron-oxygen complexes [3]. To overcome the drawback of LID, one 
option is to use phosphorus-doped n-type Cz-Si [4]. 
Within this work, the transfer of the p-type HIP-MWT cell concept to n-type Cz-Si is investigated as a 
promising approach for next generation MWT solar cells. It is of special interest if MWT-specific 
challenges occur by changing the base material from p- to n-type silicon using adapted cell structures. 
Therefore, first n-type Cz-Si MWT solar cells with a boron-doped emitter and two differently structured 
phosphorus-doped back surface fields (BSFs) are fabricated featuring no rear emitter as depicted in 
Fig. 1b, c. Furthermore, the electrical contacting of the differently doped front and rear surfaces with 
screen printing pastes is treated. 
 
2. n-type MWT solar cell structures and fabrication process 
The schematic cross sections of the investigated n-type Cz-Si MWT solar cells with textured surfaces 
on both sides are shown in Fig. 1b, c. No boron emitter and no phosphorus BSF are present in the area of 
the external rear p-type contacts for the MWT cell type B (MWT-B, Fig. 1b), whereas the phosphorus 
BSF covers the whole rear surface for the MWT-C cell (Fig. 1c). The front and rear of such fabricated 
MWT cells is depicted in Fig. 2. 
For the metallization of the external p-type contacts and the vias a non-fire-through paste (via paste) 
has to be used. The demand on a suitable via paste is low contacting/shunting behavior [5]. The front is 
passivated with a stack of aluminum oxide and silicon nitride which also serves as anti-reflective coating. 
The rear is passivated with silicon nitride which is simultaneously intended to act as an insulation layer 
between external p-type contact and n-type silicon. 
Pseudo-square n-type Cz-Si wafers with an edge length of 125 mm, a diameter of 150 mm, a thickness 
of 200 μm and a specific base resistivity  7 are used. MWT solar cells as well as H-pattern 
references are fabricated using almost exclusively industrial production equipment. The process sequence 
for the MWT cells is illustrated in Fig. 3. After alkaline texture, the rear silicon oxide diffusion barrier for 
the MWT-B cell is deposited by plasma-enhanced chemical vapor deposition (PECVD) and is 
subsequently structured using inkjet-printed masking resist and buffered hydrofluoric acid (HF). For the 
MWT-C cell, the deposition and structuring of the rear diffusion barrier is omitted. For both cell 
 
 
 
 
Fig. 1. Schematic cross sections of p-type HIP-MWT (a) and n-type MWT (b, c) silicon solar cell structures without rear emitter. No 
phosphorus BSF is present below the external rear p-type contacts for the MWT-B cell in (b), whereas the phosphorus BSF covers 
the whole rear for the MWT-C cell in (c). 
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structures, the front is masked with PECVD silicon oxide during three different tube furnace POCl3-
diffusions P1-P3 yielding initial homogeneous sheet resistances between 80 and 100 for the
rear phosphorus BSFs. The phosphosilicate glass (PSG) and the diffusion barriers are removed in HF
solution. The rear is then masked with PECVD silicon oxide prior to the laser drilling of the vias. The
subsequently performed tube furnace BBr3-diffusion forms a boron emitter on the front and in the vias
70 The thermal budget of the BBr3-diffusion leads to a redistribution of 
the rear phosphorus doping resulting in sheet resistances between 40
BSFs depending on the prior used POCl3-diffusion P1-P3. Again, the borosilicate glass (BSG) and the
diffusion barriers are removed in HF solution. PECVD aluminum oxide and silicon nitride layers are
deposited on the front, whereas only PECVD silicon nitride is deposited on the rear. The rear of the MWT
solar cells (Fig. 2, bottom) is metallized using a two-step screen printing process: the finger structures are
printed with a fire-through silver paste followed by the printing of the external p- and n-type contacts with
a non-fire-through silver via paste. The front grid is screen printed with a silver-aluminum paste (Fig. 2,
top).
The reference H-pattern cells are fabricated with the process sequence for the MWT-C cells (apart 
from via drilling) until metallization. Front and rear metallization of these cells feature an H-pattern grid
and pastes equal to the MWT cells.
Finally, the contact formation is performed in a fast firing furnace.
3. Results
3.1. Current-voltage measurements
The results of the current-voltage (IV) measurements performed directly after the fabrication process
are shown in Table 1 and reveal maximum conversion efficiencies = 17.3 % for the MWT-B cells
finger
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Fig. 2. Photograph of a fabricated n-type Cz-Si MWT solar cell with 
125 mm edge length: front (top) and rear (bottom). The cell is
completely metallized by screen printing. For each external p-type
contact pad, two vias are used for current transfer from front to rear. 
Fig. 3. Process sequence for fabrication of the n-type MWT
solar cells shown in Fig. 1b, c and Fig. 2. For the MWT-C
cell, the deposition and structuring of the rear diffusion 
barrier is omitted prior to the POCl3-diffusion (dashed line).
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(Fig. 1b), 17.7 % for the MWT-C cells (Fig. 1c) and 17.1 % for the H-pattern reference cells. A maximum 
open-circuit voltage VOC = 634 mV and short-circuit current density jSC = 39.3 mA/cm² is achieved by the 
MWT-C cell with POCl3-diffusion P2 (MWT-C-P2) demonstrating the overall basic functionality of the 
fabricated MWT solar cells. However, the achieved conversion efficiencies are mainly limited due to 
rather low pseudo fill factors pFF  79.4 % and fill factors FF  72.4 %. 
The results of the POCl3-diffusions P1 and P2 for the MWT-B and MWT-C cells, respectively, are on 
the same level, the H-pattern reference with POCl3-diffusion P2 suffers from a significantly and not 
further examined increased series resistance RS. The POCl3-diffusion P3 in comparison is not suitable for 
the fabrication process used since all cells show strongly increased RS and therefore decreased FF values. 
The cells fabricated with process P3 will not be considered in the following discussion. 
The reason for the higher maximum conversion efficiency of the MWT-C compared to the MWT-B 
cells is mainly due to lower RS values of about 0.3 . As section 3.2 will show, this difference cannot 
only be explained by the two different rear phosphorus BSF configurations. Due to a non-optimized fast 
firing process for n-type solar cells fluctuations during the process in an industrial conveyor belt furnace 
are likewise considered to be responsible for the occurring differences in RS. 
Furthermore it is believed that the enhanced performance of the MWT-C cell is most likely 
superimposed by the general rather low shunt resistance values RShunt  1.1 k cm² for the MWT cells. 
Also it is assumed that the continuous phosphorus BSF configuration of the MWT-C cells represents a 
major challenge for a significant increase in RShunt due to an increased risk of leakage current flow under 
normal operation. This assumption is supported by dark IV measurements with textured test structures 
using n-type silicon as described in a previous work [5]. In contrast to this former investigated n-type test 
structures (the front featured either no intermediate dielectric or a PECVD silicon oxide as intermediate 
dielectric between via paste and silicon), different front configurations with PECVD silicon nitride 
dielectric are investigated in this work as shown in Fig. 4. For the new test structures a silicon nitride 
layer with a comparable thickness as for the fabricated MWT solar cells and the same via paste are used. 
The forward bias measurement performed after an initial reverse bias measurement reveals a leakage 
current flow at a voltage of V = 0.7 V for the test structure of the MWT-C cell in Fig. 4b at least twice as 
high as for the test structure of the MWT-B cell in Fig. 4a. 
However, all fabricated cells  the MWT as well as the H-pattern reference cells  suffer from more or 
Table 1. IV data for the best n-type Cz-Si MWT and H-pattern solar cells of the three different POCl3-diffusions P1-P3 measured 
with an industrial cell tester. A reverse bias measurement was performed first. The spectral mismatch is taken into account. A 
black anodized chuck [6] was used for the MWT cells. Cell area: 149 cm², measurement uncertainty in efficiency: 3 % relative.
Cell 
structure 
POCl3- 
diffusion 
VOC 
(mV) 
jSC 
(mA/cm2) 
FF 
 (%) 
pFF 
(%) 
RS 
 
RShunt 
 
  
(%) 
MWT-B 
(Fig. 1b) 
P1 627 39.1 70.7 77.9 1.4 1.0 17.3 
P2 630 39.1 70.0 78.4 1.6 1.1 17.3 
P3 633 39.3 68.6 79.0 2.0 2.1 17.1 
MWT-C 
(Fig. 1c) 
P1 625 39.1 72.0 77.8 1.1 0.8 17.6 
P2 634 39.3 71.2 78.2 1.3 0.9 17.7 
P3 621 39.0 67.6 77.5 1.9 1.0 16.4 
H-pattern 
reference 
P1 618 38.3 72.4 79.3 1.3 1.4 17.1 
P2 614 38.4 63.8 79.4 2.7 2.6 15.5 
P3 614 38.6 64.7 78.1 2.5 2.1 15.3 
110363 
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less increased RS and thus reduced FF values. Low RShunt and increased dark saturation current densities 
j02 (see section 3.2) further affect the achieved pFF values. 
Dark lock-in thermography (DLIT) measurements [7] reveal shunts at the wafer edges and shunts 
which are distributed over the entire cell area for the MWT (Fig. 5a, b) as well as for the H-pattern cells 
(Fig. 5c, d). The shunts and a non-optimal p-n-junction formation at the wafer surface, which are 
suspected to be responsible for the low RShunt and high j02 values respectively, are most probably caused 
by non-optimal diffusion barrier layers. For the MWT-C cell in Fig. 5b the external p-type contacts are 
clearly visible compared to the MWT-B cell in Fig. 5a. The increased DLIT signals at the external p-type 
contacts in Fig. 5b confirm that the continuous phosphorus BSF configuration of the MWT-C cells can 
represent a major challenge for the electrical rear contact separation. Similar to the H-pattern cell in 
Fig. 5d the wafer edges of additional MWT and H-pattern cells are mechanically removed and new IV 
measurements are performed yielding to no significant increase in RShunt. Hence, the low FF and pFF 
values achieved in this work cannot be attributed to the MWT concept and thus a first transfer of the 
p-type HIP-MWT cell concept to n-type Cz-Si is demonstrated showing no additional serious 
MWT-specific challenges, at least when considering the MWT-B cell structure. 
Furthermore, the processed MWT cells show expected increased jSC and VOC values compared to the 
H-pattern references: higher jSC values due to less shaded front surface area, VOC is increased due to less 
recombination currents according to a decreased interface fraction between front metal contact and the 
 
 
Fig. 4. Schematic cross sections of the n-type test structures used for investigating the contact behavior of the via paste. A PECVD 
silicon nitride dielectric separates via paste and silicon. The first front configuration (a) equals the rear side of the MWT-B cells; 
whereas front configuration (b) represents the MWT-C cells featuring a phosphorus doping with a sheet resistance of 50 /sq. On 
the right hand side, the electric polarity for forward bias measurements is indicated. 
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Fig. 5. Spatially resolved DLIT signals obtained at voltages of (a,b) V = - 4 V and (c,d) V = - 6 V. The signal is proportional to the 
local heat dissipation which is generated by local current flow. The difference between cell MWT-B (a) and MWT-C (b) is clearly 
visible with increased signals for the MWT-C cell in the area of the external p-type contacts (see also Fig. 2), although the total 
current density j is equal for both cells. Increased signals at the wafer edges can be observed for both MWT as well as the 
H-pattern-1 cell in (c). Especially the H-pattern-1 cell shows also strongly increased signals which are distributed over the entire cell 
area. The edges of the H-pattern-2 cell in (d) are mechanically removed prior to the DLIT measurement resulting in an also rather 
high current density j confirming that not only the wafer edges but the entire cell area shows increased signals. 
 Elmar Lohmüller et al. /  Energy Procedia  38 ( 2013 )  436 – 442 441
boron doped surface [8]. 
A deeper analysis of the FF losses identifies the next targets in process development and is performed 
in the next section. 
3.2. Fill factor analysis 
To determine the dominant loss mechanisms in pFF and FF, the IV data of the highlighted MWT-B-P1 
cell in Table 1 with   17.3 % is used to fit the two-diode model [9] yielding dark saturation current 
densities of j01 = 672 fA/cm² and j02 = 65 nA/cm². The calculated high j02 and the measured RShunt value of 
1.0 pFF and lead to a pFF value of only 77.9 %. All other cells are affected 
accordingly. 
One of the main subjects for further investigation is the optimization of the diffusion barriers that is 
expected to increase the RShunt and decrease the j02 values by decreasing the occurring shunt paths. The 
two-diode model applied for the MWT-B-P1 cell reveals that an increase of RShunt to 10 would 
lead to an absolute pFF gain of 1.0 %. By reducing j02 to a typical value of 20 nA/cm² a further pFF gain 
of 2.8 % absolute would result. 
When comparing the RS values of the MWT-B and the MWT-C in Table 1 it is obvious, that the 
MWT-C cells show about 0.3  lower RS values. Doubtless increased RS contributions occur for the 
MWT-B cells without phosphorus doping below the external p-type contacts due to additional lateral 
current flow in the silicon base  7 cm. Analytical calculations show that 
this additional lateral current flow contributes  0.14  to the RS value and can partly explain the 
RS-differences. As already discussed in section 3.1, the remaining differences in RS are attributed to 
fluctuations during the fast firing process. 
TLM measurements [10] reveal a mean specific contact resistance C = 7.3 m  for the MWT-B-P1 
cell for the screen-printed silver-aluminum front contact. Between the silver paste and the rear 
phosphorus BSF a mean value of C = 8.3 m ² is measured. Both measured values show the 
successful electrical contacting of the doped surfaces. With an optimized firing process the values are 
assumed to decrease further.  
Four-point-probe measurements reveal mean finger line resistances of F = 27 /m for the front silver-
aluminum paste and F = 23 /m for the rear silver paste which are both in a typical range. 
Via resistance measurements performed on the fully processed MWT-B-P1 cell [11] show an almost 
negligible mean resistance value of 3 m  for the via-pairs [5] which connect the front grid with the 
several external rear p-type contact pads. 
4. Conclusion 
In conclusion, no serious MWT-specific challenges arise from the transfer of the p-type Cz-Si 
HIP-MWT cell concept to n-type Cz-Si using an appropriate cell structure. Hence, the feasibility of the 
transfer from p- to n-type Cz-Si is demonstrated. First fabricated n-type Cz-Si MWT solar cells show 
conversion efficiencies up to 17.7 %. 
Specific contact resistances of  8 m cm² for front and rear metallization show the successful 
electrical contacting of the differently doped surfaces using sequential tube furnace diffusion processes 
with a POCl3- and subsequently a BBr3-source. An optimized fast firing process is assumed to lead to 
further decreased specific contact resistances and to less fluctuations in series resistance values. Also, the 
initial POCl3-diffusion has to be adapted considering the alteration of the phosphorus doping profile due 
to the thermal budget of the BBr3-diffusion. 
As the obtained IV results also show, the main challenge for further development is to decrease the 
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dark saturation current density j02. Therefore, optimized diffusion barriers will be investigated to ensure 
an appropriate p-n-junction formation which will be also accompanied by an increase in shunt resistance 
RShunt above the current value of about 1 k cm². Since the fabricated H-pattern reference cells also show 
strongly increased j02 and low RShunt values, the identified challenges are not related to the MWT cell 
concept. 
The long term stability of IV data after reverse load is also of main interest for further development, 
since reverse load may alter the occurring forward leakage current flow depending on the used via paste, 
intermediate dielectric, surface doping and surface morphology as already shown partly in a previous 
work [5]. Therefore, an extensive comparison between new generation via pastes will be performed. 
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